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FIG. 13: (Color online) (Top panel) Magnetic and structural
phase diagram of electron-doped Ba(Fe1−xCox)2As2 and hole-
doped Ba1−xKxFe2As2 with the superconducting critical tem-
peratures, Tc (squares), Néel temperatures, TN (stars) and
structural transition temperatures, Ts (circles). The x-axis
is normalized to the charge carrier per iron atom. Data for
the electron-doped side where the transition temperatures are
represented with open symbols are taken from Ref [50]. The
error bars for TN and Ts values in the hole-doped side are
within the symbols. The dashed line enveloping the super-
conducting dome represents the Lindhard function taken from
Ref [33]. (Bottom panel) Charge carrier dependence of the As-
Fe-As bond angles for both electron- and hole-doping. Solid
triangles represent the results of our neutron diffraction study
at 1.7K for the hole-doped Ba1−xKxFe2As2. At this temper-
ature one of the As-Fe-As angles splits due to orthorhombic
distortion below x = 0.3. Therefore, we took the average of
these two splitting angles. The As-Fe-As bond angle data for
the electron doped side is taken from Ref [51]. Solid lines are
guide to the eye.

electrons [45]. However, the idea of microscopic phase co-
existence was more controversial in Ba1−xKxFe2As2 be-
cause of local probe measurements that seemed to indi-
cate a phase separation into mesoscopic regions of mag-
netism and superconductivity [30,31]. Since the most re-
cent µSR data are also consistent with microscopic phase
coexistence [32], it appears that the earlier reports may
have been due to compositional fluctuations close to the
phase boundaries and that microscopic phase coexistence
has now been confirmed.

Finally, we discuss the electron-hole asymmetry in the
phase diagram, shown in Fig. 13, where we have added
data from the literature [50,51] to allow a comparison
with the more commonly studied electron-doped super-
conductors. In this phase diagram, the x-axis is normal-
ized to the number of charge carriers per Fe atom. Neu-
pane et al have recently suggested that this asymmetry is
due to differences in the effective masses of the hole and

electron pockets [33]. This is justified by ARPES data
that show that hole doping can be well described within a
rigid band approximation [52]. An ab initio calculation of
the Lindhard function of the non-interacting susceptibil-
ity at the Fermi surface nesting wavevector shows exactly
this asymmetry, with a peak at x ∼ 0.4 where the max-
imum Tc occurs. Our recent inelastic neutron scattering
measurements of the resonant spin excitations that are
also sensitive to Fermi surface nesting have shown a simi-
lar correlation between the strength of superconductivity
and the mismatch in the hole and electron Fermi surface
volumes [34], that is responsible for the fall of the Lind-
hard function at high x. An overall envelope may be
drawn (dashed line in Fig. 13) to encompass both the
hole and electron superconducting domes of the phase
diagram. If anything, the Lindhard function underesti-
mates the asymmetry, predicting a larger superconduct-
ing dome on the electron-doped side. We attribute this
behavior to the fact that the iron arsenide layers remain
intact in the potassium substituted series, whereas Co
substitution for Fe disturbs the contiguity of the FeAs4
tetrahedra and interferes with superconductivity in these
layers.

Interestingly, the maximum overall Tc also correlates
with the perfect tetrahedral angle of ∼ 109.5◦ as demon-
strated in the bottom panel of Fig. 13. In the plot, aver-
age <As-Fe-As> bond angles for our K-substituted series
have been extracted from the Rietveld refinements. The
As-Fe-As bond angles for BaFe2−xCoxAs2 are extracted
from the literature [51]. The continuity of the bond an-
gles across the electron-doped and hole-doped sides of the
phase diagram is remarkable and the crossing of the two
independent angles at x ∼ 0.4 to yield a perfect tetrahe-
dron and maximum Tc is clear. This has been remarked
before in other systems [35,53]. It is possible that these
two apparently distinct explanations for the maximum
Tc are two sides of the same coin. In a theoretical anal-
ysis of the 1111 compounds [38], it has been suggested
that the pnictogen height is important in controlling the
energies of different orbital contributions to the d-bands
and so affect the strength of the interband scattering that
produces superconductivity.

We now turn our attention to the SDW region of the
phase diagram. While it is clear that spin-density-wave
order has to be suppressed in order to allow supercon-
ductivity to develop, it is not immediately clear what
is responsible for the suppression. Both the strength of
magnetic interactions and superconductivity, at least in
an itinerant model, depend on the same Lindhard func-
tion [54], the former on the peak in the susceptibility at
the magnetic wavevector, and the latter on an integral
over the Fermi surfaces. It would seem therefore that
the magnetic transition temperature should also peak
at x ∼ 0.4. One intriguing reason why it would peak
at x = 0 is because magnetic order is more sensitive
to disorder-induced suppression of the peak susceptibil-
ity whereas superconductivity is more robust. There is
some support for this idea from the observation that iso-
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Analogies with Cuprates 

K. Shen et al. 
Science 2007 
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Big difference:  
no Mott insulator?! 



Correlated electrons and Mott transition 

Mott insulators are predicted metallic by DFT 
electrons are localized by correlations 
(V2O3, Fullerenes, Cuprates…) 
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-  coherence Temperature 
- U very strong (U>Uc): Mott Insulator 

- Effective mass 
independent electrons  Fermi liquid 

V2O3 

Limelette et al. Science 2003 



Mottness 

The proximity to a Mott state strongly 
affects the properties of a system: 

•  reduced metallicity (Z~x) 
•  mass enhancement 
•  transfer of spectral weight from low to 
high energy (e.g. in optical response) 
•  tendency towards magnetism 
•  … 

‘Mottness’ 
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Correlations in Iron SC? 

Contrasting evidences for correlation strenghts 
-  no Mott insulator in the phase diagram 
-  no detection of Hubbard bands 
-  moderate correlations from Optics 
-  bad metallicity 
-  strong sentitivity to doping 
-  local vs itinerant magnetism 
Weak-coupling vs Strong-coupling scenarios 

Qazilbash et al. NatPhys2009 

Fang et al. PRB80 (2009) 
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Ba(Fe1−xCox)2As2

  x  

FIG. 44: (Color online) In-plane resistivity ρ versus temper-
ature T of Ba(Fe1−xCox)2As2 crystals for various values of x
as indicated on the right edge of the figure. Reprinted with
permission from Ref. 285. Copyright (2009) by the American
Physical Society.

becomes

σ =
ne2"

m∗vF
=

ne2"

h̄kF
. (61)

For nband equally conducting bands with the same kF, the
two expressions on the right would each be multiplied by
nband.
Here we will make an estimate of the product kF" for

a two-dimensional (2D) band with a cylindrical Fermi
surface, because the expression obtained is simple with
only two clearly defined parameters contained in it, as
opposed to the 3D case. In this 2D case one obtains n =
k2F/(2π∆c), where ∆c is the distance between conducting
layers, yielding170 from Eq. (61)

kF" =
h∆c

ρabe2
= 0.258

∆c

ρab
, (2D conduction) (62)

where the second equality on the right is for ∆c in Å and
the electrical resistivity ρab (= 1/σab) in mΩ cm. Re-
markably, this expression only contains two easily mea-
sured and unambiguous quantities ρab and ∆c. For nband

equally conducting bands with the same kF, the value of
kF" from Eq. (62) would be divided by nband.
A typical range of in-plane resistivity values for the

FeAs-based systems is shown for the Ba(Fe1−xCox)2As2
system in Fig. 44 for x values from the undoped value
x = 0 to the optimum doping x ∼ 0.08 to heavily over-
doped x = 0.3.285 Note that the ab-plane resistivity at
300 K for x = 0 is about 30% larger than in the different
crystal in the bottom panel of Fig. 4 above, indicating
the variability between different crystals and measure-
ments of nominally the same material. For the opti-
mum superconducting composition with x = 0.08, the
normal state resistivity at low temperatures is seen to
be ρab ≈ 0.12 mΩ cm. Then utilizing Eq. (62) with

∆c = 6.5 Å gives kF" ≈ 14. According to the Hall coeffi-
cient data in Refs. 212 and 285, in a two-band model with
one band an electron band and the other a hole band, the
electron band contributes most strongly to the conductiv-
ity in this system. The same conclusion was reached from
resistivity and Hall coefficient measurements on single
crystals of BaFe2(As1−xPx)2.286 Therefore the one-band
estimate kF" ≈ 14 # 1 appears to be reasonable and in-
dicates that the Ba(Fe1−xCox)2As2 system is a coherent
metal, i.e., not a “bad metal.”
Equation (62) is identical to the equation Si and Abra-

hams used early on to prove that the iron arsenides are
bad metals, using LaFeAsO as an example.77 They used
∆c = 8.7 Å and ρ(300 K) = 5 mΩ cm to obtain kF" ≈ 0.5
from Eq. (62), and thus claimed that this compound is a
bad metal. However, those resistivity measurements were
for a polycrystalline sample, and it is now clear that their
ρ(300 K) value for the in-plane resistivity that they used
for the calculation of kF" was at least an order of mag-
nitude too large, and that the actual value is kF" >∼ 5 at
room temperature. The value of kF" would further in-
crease on cooling because the resistivity decreases. The
other criterion used in Ref. 77 to claim that LaFeAsO is
a bad metal was that there was no Drude peak in the
in-plane optical conductivity of LaFeAsO, which we now
know is not correct from more recent optical measure-
ments on single crystals.177

3. Quantum Oscillation Experiments

Quantum oscillations in the magnetization (de Haas
van Alphen effect) and/or in the resistivity (Shubnikov-
de Haas effect) versus applied magnetic field have been
observed for single crystals of superconducting LaFePO
with Tc = 6 K (Ref. 287) and nonsuperconducting
SrFe2As2,205 BaFe2As2,206 CaFe2P2,288 and SrFe2P2.289

The quantum oscillations cannot be observed unless the
conduction electron states are coherent. In the cases
of SrFe2As2 and BaFe2As2, the low-temperature Fermi
surfaces (below the SDW transition temperatures) are
in general agreement with LDA band structure calcula-
tions of the reconstructed Fermi surfaces arising from a
nested-Fermi-surface driven SDW. The mean-free-paths
for three bands observed in CaFe2P2 were found to be
1900, 710, and 860 Å, respectively, much larger than
a lattice parameter.288 These quantum oscillation mea-
surements and large mean-free paths for these five com-
pounds indicate that these compounds are coherent met-
als. The many-body conduction carrier mass enhance-
ments found in the measurements are rather small, of
order 1 to 2 times the LDA band structure values.
de Haas-van Alphen (dHvA) magnetization oscillation

measurements versus applied magnetic field were also
carried out on superconducting KFe2As2 crystals with
Tc = 3 K.157 These measurements are important be-
cause, as for LaFePO above, there is no intrinsic crys-
tallographic disorder in this superconducting compound.

Specific heat (mJ/ mol K2) 
LaFePO   7 
Ba(CoxFe1-x)2As2   15-20 
Ba1-xKxFe2As2   50 
FeSe0.88   9.2 
KFe2As2    69-102 
K0.8Fe1.6Se2   6 

Review: Stewart, RMP2011 
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Modeling Iron-based superconductors 

-  cubic 
-  5 bands (Fe 3d) at the Fermi 
level  n=6 electrons  
-  Strong Hund’s coupling J 

- Partially lifted degeneracy 

Theory:  
‘Hund’s metals’ 

BaFe2As2 

                                                              Luca de’ Medici  

U’=U-2J 

�

k

H
DFT
k

Haule and Kotliar,  
NJP 11 (2009) 



Hund’s rules: atoms 

Hund’s Rules 

In open shells: 

1.  Maximize total spin S 
2.  Maximize total angular 

momentum T 
(3. Dependence on J=T+S,  
Spin-orbit effects) 

Aufbau 
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Effects of Hund’s coupling on correlations 

3 orbitals (relevant for t2g materials) 
                                                              Luca de’ Medici  

Mott Gap: E(n+1)+E(n-1)-2E(n) 
•  half-filling: ~U+(N-1)J 
•  other filling: ~U-3J 

n=1 (n=5)   n=2 (n=4)   n=3 (half-filling) 

LdM, PRB 83 (2011) 
LdM, J. Mravlje, A. Georges, PRL 107 (2011) 



Effects of Hund’s coupling on correlations 

3 orbitals (relevant for t2g materials) 
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Mott Gap: E(n+1)+E(n-1)-2E(n) 
•  half-filling: ~U+(N-1)J 
•  other filling: ~U-3J 

LdM, PRB 83 (2011) 
LdM, J. Mravlje, A. Georges, PRL 107 (2011) 



J favors the OSMT 

Orbital-selective Mott transition 

• Coexisting itinerant and localized 
conduction electrons 
•  Metallic resistivity and free-moment 
magnetic response 
•  non Fermi-liquid physics of the 
intinerant electrons 

Hund’s coupling and Orbital selectivity 

LdM, S.R. Hassan, M. Capone, X. Dai, PRL 102 (2009) 

3 bands of the same width 

Crystal-field (one band up)  
+ Hund’s coupling 
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Anisimov et al., Eur. Phys. J. B 25 (2002) 
Koga et al., Phys. Rev. Lett. 92 (2004) 
    For a review:  
 M. Vojta J. Low Temp. Phys. 161 (2010) 



Hund’s coupling as an orbital decoupler 

Crucial: Hund’s coupling 
suppresses the orbital 
fluctuations, rendering the 
orbitals independent from 
one-another 

Hund’s coupling acts as 
an orbital-decoupler 

Δ U 

Δ Δ 

LdM, S.R. Hassan, M. Capone, X. Dai, PRL102 (2009) 
LdM, Phys. Rev. B 83 (2011) 
Werner and Millis, Phys. Rev. Lett. 99 (2007) 
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(OSMT is the extreme case. 
More generally J favors a 
differentiation in the correlation 
strength for each orbital) 



DFT+Slave-spins: BaFe2As2  
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‘Hund’s metal’ 

See also work by: Aichhorn et al, Craco, Laad et al, R. Yu and Q. Si, Lanatà et al., Yin et al, Bascones et al., … 

J=U/4 



Mottness 

Selective Mottness in iron-SC: doped BaFe2As2 (DFT+SSpins) 
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Similar evidences from  
LDA+DMFT: Ishida et al., PRB 81 (2010)  
Variational MC: Misawa et al.,PRL 108 (2012) 

Mott Insulator 



Mottness 

Selective Mottness in iron-SC: doped BaFe2As2 (DFT+SSpins) 
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Selective Mottness! 

Mott Insulator 



Specific heat in Ba-122 

Selective Mottness as a key to Iron superconductors
Supplementary Information

Luca de’ Medici,1 Gianluca Giovannetti,2 and Massimo Capone2

1
Laboratoire de Physique des Solides, UMR8502 CNRS-Université Paris-Sud, Orsay, France

2
CNR-IOM-Democritos National Simulation Centre and International School

for Advanced Studies (SISSA), Via Bonomea 265, I-34136, Trieste, Italy

EXPERIMENTAL ESTIMATES OF THE
CORRELATION

We report here the values and references of the exper-
imental data shown in Fig. 1 of the main text, where we
plot several estimates of the quasiparticle mass enhance-
ment in the tetragonal phase of the 122 pnictide family.
We also outline a few caveats on the data analysis of the
various experimental probes, and we specify the physical
significance of the mass enhancement extracted with each
method. The original references are cited in the tables,
and most of these results are nicely summarized in the
reviews Refs. [1, 2].

Specific Heat

Let’s first discuss the mass enhancement as estimated
from the specific heat. At low temperatures the specific
heat of a Fermi-liquid goes like

CV = γT +O(T 3) (1)

where the “Sommerfeld coefficient” γ is proportional to
the renormalized mass of the carriers. The renormaliza-
tion factor is then usually estimated as m∗/m = γ/γb,
where γb = π2k2B/3N(�F ) and N(�F ) is the total non-
interacting band density of states at the Fermi energy
�F , as estimated by DFT.

The experimental values for γ used to calculate the
mass enhancements plotted in Fig.1 of the main text and
the corresponding DFT values, along with the original
references are reported in table S1.

A source of error on γ is however that in most of the
cases reported here the specific heat of the normal tetrag-
onal phase has to be extrapolated to zero temperature.
Indeed the actual ground state is either a superconductor,
or an orthogonally distorted phase with magnetic order,
that we are not treating here. What is done then in or-
der to estimate γ of the high-T tetragonal phase is to fit
CV /T in the high-temperature phase and extrapolate it
to zero T. When the low-T phase is superconducting this
fit can be helped by the additional constraint due to the
second-order nature of the superconducting transition,
that imposes matching entropies S(T ) =

�
dTCV /T at

Tc. Then from the actual measurement of CV in the su-
perconducting phase one can impose a constraint on the

Specific heat - single crystals (1 this work)

doping/Fe γ exp. γb DFT m∗/m = γ/γb

0.202 11.03 [3] 9.44
1

1.17

0.151 15.84 [3] 10.32
1

1.53

0.139 14.11 [3] 9.75
1

1.45

0.122 17.22 [3] 9.44
1

1.82

0.116 15.11 [3] 9.41
1

1.60

0.1125 17.02 [3] 9.41
1

1.80

0.11 18.67 [3] 9.38
1

1.99

0.09 20.06 [3] 10.12
1

1.98

0.075 22.02 [3] 10.96
1

2.0

0.075 22.53 [3] 10.96
1

2.05

0.065 24.06 [3] 11.03
1

2.18

-0.16 50 [4] 12.17
1

4.09

-0.175 57.5 [5] 12.00
1

4.66

-0.20 63 [6] 11.80
1

5.01

-0.5 91 [7] 10.1 [8] 9.0

-0.5 94 [9] 10.1 [8] 9.3

Table S1. Mass enhancements estimated from specific heat

measurements used in Fig. 1 of the main text. The columns

report respectively the values for the Sommerfeld coefficient

γ extracted from experiments, the corresponding DFT calcu-

lated values γb and the calculated mass enhancement. Several

LDA values for γb are available for KFe2As2 in the literature

ranging from 10.1[8, 9] to 13.0[9]. Our calculation yields 14.5,

thus confirming the wide error bar associated to this value.

The estimated mass-enhancement ranges then form 6.5 to 9.3.

We use the more dramatic value of 9.3 in the Fig. 1 of the

main article in order to better illustrate this effect, but all

values are higher than the ones estimated anywhere else in

the phase diagram, thus confirming the solid physical claim

of increasing correlations estimated with specific heat, with

reducing total population.

integral of CV /T of the normal phase in the extrapolated
range of temperatures. No similar constraint can be used
around the stochiometric n = 6 compound, where the
system undergoes a first-order magnetic/structural tran-
sition at � 100K, thus making the extrapolation quite
unreliable. For this reason we omitted the data in this
region. It is worth reminding that the reliability of these
estimates are also subject to the ability to subtract the
phononic contribution to the specific heat, that has to be
estimated independently.

Also, the purity of the sample is of utter impor-

S2

 0

 20

 40

 60

 80

 100

-0.5 -0.4 -0.3 -0.2 -0.1  0  0.1  0.2  0.3

!

doping/Fe

single-crystals
polycrystals

Figure S1. Sommerfeld coefficient γ for single-crystals used in

Fig.1 of the main text, compared with the values measured in

polycrystals. The gray area represents the zone where the low-

T phase is orthorombical distorted and magnetically ordered,

and where the specific heat of the high-T tetragonal param-

agnetic phase has to be extrapolated from above the SDW

transition. Outside this zone, where the error bars on γ are

necessarily higher, even polycrystals show an enhancement of

the Sommerfeld coefficient with hole doping. Polycrystal data

are taken from [10–12]

tance. Only measurements performed on single crys-
tals are shown in Fig.1 of the main text, specific heat
in polycrystals being subject to substantial variations.
An example is the substantially reduced value γ =
69mJ/molK2 reported[12] for polycrystalline KFe2As2
of residual resistivity ratio RRR=67, to be compared
with γ = 94mJ/molK2 reported[7] for a single crystal
with RRR=650. See Ref. [1] for a somewhat more thor-
ough discussion on this point. This being said, where
their estimate is more reliable also polycrystals show an
increasing Sommerfeld coefficient with hole doping (see
Fig. S1).

Optical conductivity

Other mass enhancements reported in Fig.1 of the
main text are extracted from optical conductivity. In-
deed the peak in the spectrum at low frequency (the
Drude contribution) is usually considered to account for
the quasiparticle contribution to the conductivity. Its
width accounts for the scattering rate of these charge
carriers, whereas its total weight for their effective mass.
Comparing this weight with the value obtained in DFT
is a possible way to assess the mass enhancement due to
dynamical correlations. Indeed correlations reduce the
Drude weight, and in a Mott insulator its value vanishes.

This can be seen as an analysis of the reduction of
the kinetic energy of the quasiparticles[13] due to cor-
relations, Kexp/Kband, that indeed vanishes in a Mott
insulator. The overall kinetic energy of the conduction
electrons however, is reduced by correlations but does not

vanish, even in a Mott insulator where itinerant (albeit
incoherent) excited states still exist at higher energy. The
spectral weight of intraband transitions always adds up
to the conduction electrons kinetic energy[14] but in cor-
related materials it is transferred away from the Drude
peak into mid-infrared (MIR) and higher energy features.
Thus an alternative, approximate way to estimate the rel-
ative reduction of the quasiparticle kinetic energy based
exclusively on experimental data was proposed by Lu-
carelli et al.[15, 16]. It consists in normalizing the spec-
tral weight of the Drude peak to the Drude+MIR total
spectral weight. The latter is indeed an underestimate of
the total band-theory kinetic energy, but has the advan-
tage of excluding inter-band transition that contaminate
the spectral weight at still higher energies.
In Ref. [16] it was shown that mass enhancements esti-

mated through this procedure agree rather well with the
estimate Kexp/Kband in BaFe2As2 of Ref. [13]. Thus this
analysis was performed on the electron-doped compounds
in [15] using two methods: the Drude and MIR contribu-
tion were determined using a Drude-Lorentz model and
then integrated separately, or they were approximately
separated using two appropriately chosen cutoffs. The
mass enhancement was defined as:

m∗/m � Kband/Kexp � SWDrude+MIR/SWDrude, (2)

with SW (Ωc) =
� Ωc

0 dωσ�(ω), where σ�(ω) is the real part
of the optical conductivity, Ωc = 500cm−1 for the Drude
contribution and Ωc = 2000cm−1 for Drude + MIR.
Here we extend this last method to available experi-

mental data on the hole-doped side and report the ob-
tained mass enhancements in table S2.
It is worth pointing out that several technical points

make this analysis highly nontrivial and are possible
sources of error. It is difficult for instance to isolate the
Drude contribution within the optical conductivity: in-
deed interband transitions partially superpose to it, es-
pecially when the band structure is as intricate as in
iron superconductors, where multiple low-energy inter-
band transitions are available. This makes the choice of
a cutoff for the spectral weight integral uneasy. On the
other hand fits based on the Drude-Lorentz model can
be used to sort out the Drude contribution, but often
several alternatives are possible. An ubiquitous compli-
cation is the need of at least two Drude components in
order to fit the low-energy spectral weight. One Drude
peak is narrow while the other is very wide, accounting
for incoherent processes and overlapping with interband
contributions. Last but not least, the coupling to bosonic
modes (as magnetic fluctuations for example) can also
shift some spectral weight, rendering the fits or the choice
of the cutoffs even harder.
Overall then, the mass enhancements estimated

through the analysis of the optical spectral weight that
we have performed have to be considered as indicative.

caveats:  
-  extrapolation to zero T 
-  substraction of phonon contribution 
- poly vs single crystals 

A strong mass enhancement for diminishing filling! 
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Optics in Ba-122 

S3

Optics

doping/Fe m∗/m (fit) m∗/m (cutoffs)

0.18 1.48[15] 1.79[16]

0.11 1.98[15] 2.28[16]

0.061 4.21[15] 3.50[16]

0.051 4.56[15] 3.80[16]

0.025 4.78[15] 4.99[16]

0.0 3.3[13, 15] 4.80[16]

-0.2 3.31[17]

-0.225 3.15[18]

-0.5 3.37[19]

Table S2. Mass enhancement values extracted from optical

conductivity measurements and used in Fig. 1 of the main

text. The mass enhancement is estimated via the ratio of the

Drude spectral weight and the Drude+MIR spectral weight.

Two method are used to estimate these spectral weigths, as

described in the text. The first (results in columns 2) uses

a fit to Drude-Lorentz oscillators, the second (column 3, the

hole-doped values are integrals calculated by digitizing the

data reported in the cited references) uses two cutoffs: Ωc =

500cm−1
for the Drude component, and Ωc = 2000cm−1

for

the Drude+MIR weight. The values of column 3 are used in

Fig.1 of the main text.

And indeed they yield a picture of intermediate corre-

lation strengths throughout the phase diagram of doped

BaFe2As2, turning to rather weaker correlations in the

electron-overdoped region[20].

ARPES and Quantum Oscillations

We report in table S3 the mass enhancements ex-

tracted from ARPES measurements in both electron- and

hole-doped BaFe2As2 and in KFe2As2, for which we also

report Quantum Oscillation measurements.

What we highlight is that going from electron-doping

to hole-doping until reaching KFe2As2 (0.5 holes/Fe dop-

ing) correlation strength increases (looking at the global

renormalization factor needed in order to match the theo-

retical and the observed bandstructure). These data also

show the measured mass enhancement for each Fermi

sheet (each of which bears a different dominant orbital

character), spread more and more with the reduction of

the filling, thus confirming the increasing orbital selec-

tivity.

A caveat is due however when directly comparing

ARPES and quantum oscillations with the DFT band-

structures. Electronic correlations induce both band-

width renormalizations and band shifts. This can result

in a change of the location (and size) of the Fermi surface

and thus comparing the electron velocities at the Fermi

level can be misleading. In principle a safer procedure

would be to compare the measured Fermi velocity with

the calculated velocity of bands once shifted in order to

ARPES

doping whole sheets z2 Ref.

per Fe α β ζ γ δ/� band

0.08 2.7 2.3 2.4 2.9 [21]

0.06 1.4 [22]

-0.2 2 (2.7[22]) 3.4 4.45 4.62 9.0 [23]

-0.5 3 2.0 6.3 7.9 18.7 3 [24]

Quantum oscillations

-0.5 2.3 6.1 20 [8]

Table S3. Mass enhancement values extracted from ARPES

and Quantum Oscillation measurements and used in Fig. 1 of

the main text. What we highlight in this paper is that they

spread moving from electron-doping to hole-doping. The first

column reports the rough proportionality factor in order for

the measured bandstructure and the DFT one to best match

each other globally (showing that also the degree of correla-

tion increases going from electron- to hole-doping. The follow-

ing columns report the mass enhancements estimated as the

ratio between the theoretical and measured Fermi velocities,

resolved for every Fermi sheet. α,β and ζ are hole-like pock-

ets, whereas γ, δ and � are electron-like ones. The electron

doped data are taken at kz ∼ 1 ((i.e. along Z−A) whereas the

hole-doped are taken at kz ∼ 0 (i.e. along Γ − M . The last

column reports the mass enhancement of the band of main

character 3z2 − r2 that lies below the Fermi level and slightly

crosses it near Z in KFe2As2. Finally Quantum Oscillations

measurements (that do not observe the β Fermi sheet) for

KFe2As2 are reported.

better match experiments[25]. Despite the sizable error

bars induced by this effect, the large spread of the mass

renormalizations depending on the different character of
electrons at the Fermi level is a clear trend.

Other experimental data supporting Mott

Selectivity in Iron Superconductors

Besides some of the cited studies (the optics papers

(Lucarelli et al.[15] and Wang et al.[19]) interpreting re-

sults as a coexistence of more itinerant and more localized

electrons and the ARPES studies by Ding et al.[23] and

Yoshida et al.[24] highlighting the strong orbital depen-

dence of correlations) other experiments point towards

a main role played by Mott selectivity in Iron pnictides.

Yuan et al. [26] argue that magnetotransport data in

Co-doped BaFe2As2 can be interpreted as showing that

both itinerant and localized electrons are present, and

that the scattering of the former on the latter gives rise

to the complex transport properties that are measured.

Malaeb et al.[27] have shown a strong orbital-dependence

of the superconducting gap with hole-doping, leading

to a disappearance of only one gap in superconductive

Ba0.4K0.6Fe2As2

Also in the arguably more correlated Iron chalco-

genides several experiments pointed towards a localized-

caveats:  
-  difficulty in isolating the Drude  
contribution(s) 
-several Drude-Lorentz fits are possible 
-  interband transitions at low energy  
-  coupling to bosonic modes, etc  

Indicative: overall moderate correlation strength 
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ARPES and quantum oscillations in Ba-122 
S3

Optics

doping/Fe m∗/m (fit) m∗/m (cutoffs)

0.18 1.48[15] 1.79[16]

0.11 1.98[15] 2.28[16]

0.061 4.21[15] 3.50[16]

0.051 4.56[15] 3.80[16]

0.025 4.78[15] 4.99[16]

0.0 3.3[13, 15] 4.80[16]

-0.2 3.31[17]

-0.225 3.15[18]

-0.5 3.37[19]

Table S2. Mass enhancement values extracted from optical

conductivity measurements and used in Fig. 1 of the main

text. The mass enhancement is estimated via the ratio of the

Drude spectral weight and the Drude+MIR spectral weight.

Two method are used to estimate these spectral weigths, as

described in the text. The first (results in columns 2) uses

a fit to Drude-Lorentz oscillators, the second (column 3, the

hole-doped values are integrals calculated by digitizing the

data reported in the cited references) uses two cutoffs: Ωc =

500cm−1
for the Drude component, and Ωc = 2000cm−1

for

the Drude+MIR weight. The values of column 3 are used in

Fig.1 of the main text.

And indeed they yield a picture of intermediate corre-

lation strengths throughout the phase diagram of doped

BaFe2As2, turning to rather weaker correlations in the

electron-overdoped region[20].

ARPES and Quantum Oscillations

We report in table S3 the mass enhancements ex-

tracted from ARPES measurements in both electron- and

hole-doped BaFe2As2 and in KFe2As2, for which we also

report Quantum Oscillation measurements.

What we highlight is that going from electron-doping

to hole-doping until reaching KFe2As2 (0.5 holes/Fe dop-

ing) correlation strength increases (looking at the global

renormalization factor needed in order to match the theo-

retical and the observed bandstructure). These data also

show the measured mass enhancement for each Fermi

sheet (each of which bears a different dominant orbital

character), spread more and more with the reduction of

the filling, thus confirming the increasing orbital selec-

tivity.

A caveat is due however when directly comparing

ARPES and quantum oscillations with the DFT band-

structures. Electronic correlations induce both band-

width renormalizations and band shifts. This can result

in a change of the location (and size) of the Fermi surface

and thus comparing the electron velocities at the Fermi

level can be misleading. In principle a safer procedure

would be to compare the measured Fermi velocity with

the calculated velocity of bands once shifted in order to

ARPES

doping whole sheets z2 Ref.

per Fe α β ζ γ δ/� band

0.08 2.7 2.3 2.4 2.9 [21]

0.06 1.4 [22]

-0.2 2 (2.7[22]) 3.4 4.45 4.62 9.0 [23]

-0.5 3 2.0 6.3 7.9 18.7 3 [24]

Quantum oscillations

-0.5 2.3 6.1 20 [8]

Table S3. Mass enhancement values extracted from ARPES

and Quantum Oscillation measurements and used in Fig. 1 of

the main text. What we highlight in this paper is that they

spread moving from electron-doping to hole-doping. The first

column reports the rough proportionality factor in order for

the measured bandstructure and the DFT one to best match

each other globally (showing that also the degree of correla-

tion increases going from electron- to hole-doping. The follow-

ing columns report the mass enhancements estimated as the

ratio between the theoretical and measured Fermi velocities,

resolved for every Fermi sheet. α,β and ζ are hole-like pock-

ets, whereas γ, δ and � are electron-like ones. The electron

doped data are taken at kz ∼ 1 ((i.e. along Z−A) whereas the

hole-doped are taken at kz ∼ 0 (i.e. along Γ − M . The last

column reports the mass enhancement of the band of main

character 3z2 − r2 that lies below the Fermi level and slightly

crosses it near Z in KFe2As2. Finally Quantum Oscillations

measurements (that do not observe the β Fermi sheet) for

KFe2As2 are reported.

better match experiments[25]. Despite the sizable error

bars induced by this effect, the large spread of the mass

renormalizations depending on the different character of
electrons at the Fermi level is a clear trend.

Other experimental data supporting Mott

Selectivity in Iron Superconductors

Besides some of the cited studies (the optics papers

(Lucarelli et al.[15] and Wang et al.[19]) interpreting re-

sults as a coexistence of more itinerant and more localized

electrons and the ARPES studies by Ding et al.[23] and

Yoshida et al.[24] highlighting the strong orbital depen-

dence of correlations) other experiments point towards

a main role played by Mott selectivity in Iron pnictides.

Yuan et al. [26] argue that magnetotransport data in

Co-doped BaFe2As2 can be interpreted as showing that

both itinerant and localized electrons are present, and

that the scattering of the former on the latter gives rise

to the complex transport properties that are measured.

Malaeb et al.[27] have shown a strong orbital-dependence

of the superconducting gap with hole-doping, leading

to a disappearance of only one gap in superconductive

Ba0.4K0.6Fe2As2

Also in the arguably more correlated Iron chalco-

genides several experiments pointed towards a localized-

caveats:  energy shifts of the bands when comparing to DFT 

Correlations increase when reducing the filling and estimates for the different 
Fermi sheets spread more and more. Orbital selectivity! 
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Iron superconductors: selective Mottness 

Experimental mass enhancements 

Strongly or weakly correlated? Both!  
Selective Mottness confirmed! 
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(high-T tetragonal phase) 

KFe2As2 



Iron superconductors: selective Mottness 

Experimental data 
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Iron superconductors: selective Mottness 

Experimental data 
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Mott is near!!  
(nearer for some orbitals) 
Because of orbital decoupling 
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FIG. 4. (a) Fraction of the coherent Drude spectral weight
ND/Neff for various TM pnictides with the same crystal struc-
ture, including one typical underdoped cuprate. (b) TM pnic-
tides mapped on the diagram of Pn-TM -Pn bond angle αbond

vs electron filling of TM d orbitals in the TM 2+ state. Blue
dotted and solid lines are trajectories of three types of doping
into BaFe2As2, and superconductivity is observed in the re-
gions indicated by the solid blue lines. Smaller αbond and
lower electron filling toward d5, just half filling, point to-
ward stronger electronic correlation. Correlation strength is
schematically scaled with indicated color code.

propriate for a quantitative comparison of the correlation
strength among TM pnictides. The values of ND/Neff

are replotted on the diagram shown in Fig. 4(a), which
should be compared with the “mass-renormalization” di-
agram by Qazilbash et al. [8]. The values of ND/Neff for
the iron arsenides are distinctively smaller than those for
other TM pnictides. They are comparable with those for
the hole-underdoped cuprates (e.g. La2−xSrxCuO4 with
x = 0.10) assuming the in-plane spectrum decomposed
into coherent (simple Drude) and incoherent (so-called
mid-infrared) components [18]. In view of the strong in-
coherence in the cuprates arising from strong electronic
correlation which frustrates coherent carrier motion, it
is likely that electronic correlations are also a source of
incoherence. The on-site Coulomb interaction (U) in the
high-Tc cuprates is considerably stronger than that in
BaFe2As2 [19]. Hence, ND/Neff likely measures elec-
tronic correlations arising also from the Hund’s coupling
(JH) reflecting the multi-orbital nature of the iron-based
materials [6, 20], and in this sense, the iron arsenides
might be a strongly correlated system.

It is well known that the electronic structure of the
iron pnictides is sensitive to a change in local lattice pa-
rameters, particularly to the shape of a FeAs4 tetrahe-
dron usually parameterized by the As-Fe-As bond angle
αbond [21, 22]. As αbond increases, the hybridization of
Fe 3d and As 4p orbitals becomes stronger. This leads to
an increase in bandwidth (W ) and hence to weakening
of electron correlations (either U/W or JH/W ). αbond

for BaFe2P2 (116.4◦) is larger than that for BaFe2As2
(111.1◦) [23]. Therefore, it is expected that the P doping
into BaFe2As2 works as a chemical pressure and weakens
electronic correlations. This appears to be supported by
the result of quantum oscillations for BaFe2(As1−xPx)2,
which shows that m∗ decreases by a factor of 2–3 from
x = 0.3 to 1 [24]. The increase in m∗ in this system was
ascribed to a quantum critical behavior toward a criti-
cal point near x = 0.3, and a subsequent decrease in m∗

below x = 0.3 was suggested by the penetration-depth
measurement in the SC state [25]. However, in the nor-
mal state well above Tc, the variation of ND or resistivity
with x is monotonous, showing no trace of the quantum
critical behavior [26] (see Fig. S2 in Supplementary infor-
mation). Thus, a major effect of the isovalent P doping is
likely to weaken electronic correlations [27]. This would
be also the case with the Co doping, in which αbond for
BaCo2As2 (114.0◦ [28]) is significantly larger than that
for BaFe2As2 (but smaller than that for BaFe2P2). Al-
though there is no reported data that clearly indicate a
decrease in m∗ in Ba(Fe1−xCox)2As2, a possible decrease
in m∗ due to the chemical-pressure effect may also con-
tribute to the increase in ND in addition to the increase
in the coherent electron density.
To the contrary, αbond for KFe2As2 (106.7◦ [29]) is

smallest among the TM pnictides investigated here.
Thus, it is likely that the effect of K doping into
BaFe2As2 is to apply a negative chemical pressure, which
would make electronic correlation stronger. In fact, an
enhancement of m∗ by a factor of 4–5 is observed by
quantum oscillations [30, 31]. A trend that a compound
with smaller αbond has larger effective mass m∗ is in
agreement with the trend found theoretically by Yin et al.

[6] between bond angle and strength of the Hund’s cou-
pling. Here, we also found a correlation between αbond

and ND/Neff . The Hund’s correlation tends to inhibit
mixing of the orbitals, which would frustrate the elec-
tron motion.
Distinct ND/Neff values for BaCo2As2 and KFe2As2

and the striking asymmetry in the evolution of the in-
plane resistivity with electron and hole doping (see Sup-
plementary information) suggest that, in addition to the
chemical-pressure effect, an increase in electron density
or electron filling may also affects the strength of the elec-
tronic correlation. The hole (K) doping reduces the Fe 3d
orbital filling from d6 to d5.5, whereas the electron (Co)
doping increases it toward d7. d5 is just half filling, at
which the electronic correlation is maximal, making the
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Figure 1: Superconducting phase diagram of the two-dimensional Hubbard model in plane
of interaction strength U and carrier concentration x computed using the 8-site (right panel) and
4-site (left upper panel) DCA dynamical mean field approximation at temperature T = t/40
with t′/t = 0. Dashed line: location of the normal state pseudogap onset. Circles (red and light
green) and red shading indicates the superconducting region, squares (black) and no shading the
non-superconducting Fermi liquid, diamonds (blue) and blue shading the nonsuperconducting
pseudogap region (eight-site only, right panel) and triangles and heavy solid line (dark green) the
Mott insulating region at n = 1 and U > Uc. Light green circles denote the points analyzed in
Fig. 3. Lower left panel: Anomalous equal-time correlator 〈cK=(π,0)↑cK=(−π,0)↓〉 as a function of
interaction for clusters of sizeNc = 4, 8, 16, as a function ofU/Upg. Dashed line and pseudogap
scale Upg = 4.2 (4-site, circles), 5.6 (8-site, squares), and 3 (16-site, diamonds) determined as
in (24,27, 28).
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Cuprates: DCA approach to the 2D Hubbard model 
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Tentative common phase diagram for Cuprates and Iron-SC 

 0

 20

 40

 60

 80

 100

 120

 140

 0  0.05  0.1  0.15  0.2  0.25  0.3

Te
m

pe
ra

tu
re

average orbital doping

Selective Mottness

Fermi Liquid
Superconductor

Mott 
Insulator

When plotted against the average orbital doping the experimental phase diagram 
of iron-SC closely resembles the one for cuprates! (suppressing magnetism) 

•  a superconducting dome at 20% doping from a Mott insulator 
•  a phase with selective Mottness in between the two 
•  a good Fermi-liquid at higher dopings     

Is then selective Mottness 
important for superconductivity? 
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FIG. 13: (Color online) (Top panel) Magnetic and structural
phase diagram of electron-doped Ba(Fe1−xCox)2As2 and hole-
doped Ba1−xKxFe2As2 with the superconducting critical tem-
peratures, Tc (squares), Néel temperatures, TN (stars) and
structural transition temperatures, Ts (circles). The x-axis
is normalized to the charge carrier per iron atom. Data for
the electron-doped side where the transition temperatures are
represented with open symbols are taken from Ref [50]. The
error bars for TN and Ts values in the hole-doped side are
within the symbols. The dashed line enveloping the super-
conducting dome represents the Lindhard function taken from
Ref [33]. (Bottom panel) Charge carrier dependence of the As-
Fe-As bond angles for both electron- and hole-doping. Solid
triangles represent the results of our neutron diffraction study
at 1.7K for the hole-doped Ba1−xKxFe2As2. At this temper-
ature one of the As-Fe-As angles splits due to orthorhombic
distortion below x = 0.3. Therefore, we took the average of
these two splitting angles. The As-Fe-As bond angle data for
the electron doped side is taken from Ref [51]. Solid lines are
guide to the eye.

electrons [45]. However, the idea of microscopic phase co-
existence was more controversial in Ba1−xKxFe2As2 be-
cause of local probe measurements that seemed to indi-
cate a phase separation into mesoscopic regions of mag-
netism and superconductivity [30,31]. Since the most re-
cent µSR data are also consistent with microscopic phase
coexistence [32], it appears that the earlier reports may
have been due to compositional fluctuations close to the
phase boundaries and that microscopic phase coexistence
has now been confirmed.

Finally, we discuss the electron-hole asymmetry in the
phase diagram, shown in Fig. 13, where we have added
data from the literature [50,51] to allow a comparison
with the more commonly studied electron-doped super-
conductors. In this phase diagram, the x-axis is normal-
ized to the number of charge carriers per Fe atom. Neu-
pane et al have recently suggested that this asymmetry is
due to differences in the effective masses of the hole and

electron pockets [33]. This is justified by ARPES data
that show that hole doping can be well described within a
rigid band approximation [52]. An ab initio calculation of
the Lindhard function of the non-interacting susceptibil-
ity at the Fermi surface nesting wavevector shows exactly
this asymmetry, with a peak at x ∼ 0.4 where the max-
imum Tc occurs. Our recent inelastic neutron scattering
measurements of the resonant spin excitations that are
also sensitive to Fermi surface nesting have shown a simi-
lar correlation between the strength of superconductivity
and the mismatch in the hole and electron Fermi surface
volumes [34], that is responsible for the fall of the Lind-
hard function at high x. An overall envelope may be
drawn (dashed line in Fig. 13) to encompass both the
hole and electron superconducting domes of the phase
diagram. If anything, the Lindhard function underesti-
mates the asymmetry, predicting a larger superconduct-
ing dome on the electron-doped side. We attribute this
behavior to the fact that the iron arsenide layers remain
intact in the potassium substituted series, whereas Co
substitution for Fe disturbs the contiguity of the FeAs4
tetrahedra and interferes with superconductivity in these
layers.

Interestingly, the maximum overall Tc also correlates
with the perfect tetrahedral angle of ∼ 109.5◦ as demon-
strated in the bottom panel of Fig. 13. In the plot, aver-
age <As-Fe-As> bond angles for our K-substituted series
have been extracted from the Rietveld refinements. The
As-Fe-As bond angles for BaFe2−xCoxAs2 are extracted
from the literature [51]. The continuity of the bond an-
gles across the electron-doped and hole-doped sides of the
phase diagram is remarkable and the crossing of the two
independent angles at x ∼ 0.4 to yield a perfect tetrahe-
dron and maximum Tc is clear. This has been remarked
before in other systems [35,53]. It is possible that these
two apparently distinct explanations for the maximum
Tc are two sides of the same coin. In a theoretical anal-
ysis of the 1111 compounds [38], it has been suggested
that the pnictogen height is important in controlling the
energies of different orbital contributions to the d-bands
and so affect the strength of the interband scattering that
produces superconductivity.

We now turn our attention to the SDW region of the
phase diagram. While it is clear that spin-density-wave
order has to be suppressed in order to allow supercon-
ductivity to develop, it is not immediately clear what
is responsible for the suppression. Both the strength of
magnetic interactions and superconductivity, at least in
an itinerant model, depend on the same Lindhard func-
tion [54], the former on the peak in the susceptibility at
the magnetic wavevector, and the latter on an integral
over the Fermi surfaces. It would seem therefore that
the magnetic transition temperature should also peak
at x ∼ 0.4. One intriguing reason why it would peak
at x = 0 is because magnetic order is more sensitive
to disorder-induced suppression of the peak susceptibil-
ity whereas superconductivity is more robust. There is
some support for this idea from the observation that iso-
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Conclusions:  
A guide from theory: Hund’s has a key-role in tuning correlations in 3d materials 
•  Conduction-band filling is the key variable:  Mott insulators are  
favored at half-filling,‘bad-metals’at neighboring filling 

In Iron Superconductors:  
•  makes them correlated, even if far from the n=6 Mott insulating 

state (Janus effect). A Mott insulator would be realized at n=5! 
•  Induces selective Mottness, i.e. coexistence of strongly and 

weakly correlated electrons 

•     J acts as an “orbital-decoupler” and favors orbital selective Mottness  
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A common phase diagram with cuprates?  


